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ABSTRACT: Bilayer light-emitting diodes have been fabricated by combining hole-transporting tri-
stilbeneamine or poly[(2,5-bis((2-ethylhexyl)oxy)-1,4-phenylene)vinylene] (EH-PPV) with new electron-
transporting polystyrene copolymer carrying tert-butyl or CFs-substituted quaterphenyl substituents as
charge-transporting moieties. The latter are resistent against recrystallization and favor internal charge
accumulation by virtue of low-lying HOMO and LUMO positions. When LEDs with interfacial electron
barriers =0.5 eV are addressed by a rectangular voltage pulse, a step-function-like onset of the
electroluminescence is observed after an extended delay time that depends on the time period between
successive voltage pulses. It reflects the commencement of electron tunneling once the interfacial charge
density has reached a critical value. The experimental results are in accordance with model calculations.

1. Introduction

Electroluminescence from organic light-emitting di-
odes is the result of the recombination of electrons and
holes injected from the contacts and the concomitant
formation of a fluorescent state. The bimolecular
character of the reaction implies that its rate scales with
the product of the electron and hole densities estab-
lished inside the diode.! Accordingly, strategies to
increase the emission intensities include the improve-
ment of injection,?3 notably of minority carrier injection,
and the insertion of internal energy barriers that give
rise to space charge accumulation.*~7 The latter is
realized in bilayer LEDs that combine a hole-transport-
ing material with low oxidation potential with an
electron-transporting material whose HOMO (highest
molecular orbital) and LUMO (lowest unoccupied or-
bital) positions are sufficiently below those of the former.
A low-lying LUMO of the cathodic layer will simulta-
neously favor electron injection. On the other hand,
efficient electroluminescence requires the formation of
a singlet state of one of the constituent molecules and,
concomitantly, the passage of one sort of carrier across
the internal barrier. Itis intuitively obvious, therefore,
that the operation of a bilayer (or multilayer) LED?3°
will depend in a complicated way on the energy barriers
existing at the electrodes and the internal interface(s).

While there is a large selection of hole-transporting
materials, only few electron transporters have been used
so far. These include (8-hydroxyquinoline)aluminum
(Algs),10 triazoles,* and notably, various derivatives of
oxadiazole.”12715 Various low molecular weight com-
pounds have the disadvantage of a tendency to crystal-
lize. This is prohibitive for LED fabrication because
grain boundaries may act as sources for leakage cur-
rents. One of the purposes of this paper is to report on
the synthesis and successful use of a new type of
electron-transporting material. It consists of a statisti-
cal copolymer of polystyrene with a substituted vinyl-
quaterphenyl chain. The polymers are resistent to
crystallization and have a low reduction potential,
notably if the substituents are CF3 groups. This facili-
tates electron injection. Since high internal energy
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barriers are established if combined with usual hole-
transporting materials, one can also study their effect
on the performance of bilayer LEDs. The key result will
be that in this case it is electron tunneling across the
internal energy barrier that is rate controlling for both
carrier injection and light emission. It leads to a step-
like onset of electroluminescence upon addressing the
LED by a rectangular voltage pulse.

2. Experimental Section

2.1. Materials. 3-Bromotoluene (Aldrich), boronic acid
trimethyl ester (Fluka), 4-bromobiphenyl (Avokado), and 3,5-
bis(trifluoromethyl)bromobenzene (Avokado) were used as
received. 4-Bromo-4'-iodobiphenyl was prepared according to
Wirth.1* The synthesis of (3-methylphenyl)boronic acid is
described in ref 17. Tristilbeneamine was synthesized as
described.'® Polycarbonate was received from Bayer; polysul-
fone, from BASF.

3-Methyl-4"-bromo-1,1":4',1"-terphenyl. (3-Methylphen-
yhboronic acid (35.0 g, 0.257 mol), 4-bromo-4'-iodobiphenyl
(92.26 g, 0.257 mol), and tetrakis(triphenylphosphino)pal-
ladium(0) (5.04 g, 4.37 mmol) are suspended in a degassed
mixture of toluene (400 mL) and 2 M Na,COs3 (400 mL). The
two-phase mixture was stirred for 3 days at 100 °C. The
organic phase was washed three times with 5% HCI (100 mL)
and dried with MgSO,. After the solvent was evaporated, the
product was recrystallized from acetone. Yield: 57.89 g (70%
theoretical). Mp: 162—163 °C. 'H-NMR (300 MHz, CDCls):
dolppm = 2.39 (s, 3H, —CHj3), 7.13—7.64 (m, 12 H, aromatic
protons). 3C-NMR (75 MHz, CDCl3): é/ppm = 21.65, 121.68,
124.26, 127.23,127.74,127.94, 128.33, 128.71, 128.86, 132.02,
138.55, 138.87, 139.78, 140.63, 140.79. IR (KBr), v/cm™1: 2976
(w), 1604 (s), 1475 (m), 1386 (m), 1078 (m), 998 (w), 817 (s),
779 (s), 693 (s). MS (El, mle): 324/93.84%, 323/22.36% (M™),
322/100%. Anal. Calcd for CigH1sBr (323.23): C, 70.60; H,
4.68; Br, 24.72. Found: C, 70.61; H, 4.59; Br, 24.61.

3-Methyl-3"",5""-bis(trifluoromethyl)-1,1":4',1":4" 1"~
quaterphenyl. 3-Methyl-4"-(dihydroxyboranyl)-1,1":4',1"-ter-
phenyl (30.0 g, 0.104 mol), 3,5-bis(trifluoromethyl)bromo-
benzene (29.3 g, 0.1 mol), and tetrakis(triphenylphos-
phino)palladium(0) (2.54 g, 2.2 mmol) were added to a de-
gassed mixture of toluene (350 mL) and 2 M Na,COs3 solution
(350 mL). After 3 days at 100 °C the reaction mixture was
washed three times with 5% HCI and dried with MgSO,. After
the solvent was removed, a white, crystalline solid was
obtained. Yield: 28.5 g (56% theoretical). Mp 145—-147 °C.
IH-NMR (300 MHz, CDClg): d/ppm = 2.41 (s, 3H, —CHy),
7.17—8.03 (m, 15H, aromatic protons). *C-NMR (75 MHz,
CDClg): o/ppm = 21.40, 120.78, 121.34, 124.03, 126.91, 127.24,
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Table 1. Copolymerization of la (No a) and Ib (No b—f) (0.5 g) with Styrene at 60 °C in Toluene (25 mL) for 1 Day

no. amt of styrene/g [AIBN]? (mol %) yield (% th) 15 (mol %) m¢ (mol %) m¢ (wt %) Tyg My

af 16.6 1 50 6.6 14.3 41.6 155 42 000
b 19 15 51 1.2 1.4 6.0 123 36 600
cd 4.5 3.0 49 2.4 2.5 10.4 124 20 300
d 2.83 15 36 3.8 3.6 144 132 31400
e 2.0 15 38 5.3 3.7 14.8 136 31 400
ff 15 15 22 6.9 3.9 155 139 23900

a Based on styrene. ° Ia,b in the monomer mixture. ¢ 1a,b in the polymer calculated from *H-NMR and UV. 9 Reaction time 2 days. ¢ By

GPC using universal calibration. f Used in LEC devices.

127.51, 127.53, 127.68, 127.70, 128.12, 128.63, 132.08, 136.88,
138.32, 138.68, 140.38, 140.73, 141.22, 142.71. IR (KBr),
viem~% 2952 (s), 2866, 1460 (s), 1385 (s), 1277 (s), 1211 (w),
1180 (w), 1123 (w), 1061 (s), 1008 (w), 899 (w), 824 (s), 787
(s), 700 (m). MS (El, m/e): 457/100.0% (M1), 234/16.21%. Anal.
Calcd for Co7HisFs (456.43): C, 71.05; H, 3.97. Found: C,
70.63; H, 3.90%.
3-Methyl-3'",5'"-di-tert-butyl-1,1":4',1":4" 1'""-quater-
phenyl. In a procedure analogous to that given above 3,5-
di-tert-butylbromobenzene (26.9 g, 0.1 mol) was reacted. The
amounts of the other compounds were not changed. Yield:
30.4 g (70% theoretical). Mp: 164—165 °C. *H-NMR (300
MHz, CDCls): d/ppm = 1.42 (s, 18H, 2-C(CHs)3), 2.49 (s, 3H,
—CHpg), 7.21-7.78 (m, 15H, aromatic protons). *C-NMR (75
MHz, CDCl3): o/ppm = 21.51, 31.50, 34.96, 121.48, 121.56,
124.11, 127.21, 127.27,127.50, 127.80, 128.04, 128.67, 138.34,
139.30, 139.61, 140.13, 140.20, 140.68, 141.32, 141.48, 151.15.
IR (KBr), vlem™: 2952 (s), 2855 (w), 1595 (s), 1503 (m), 1479
(s), 1436 (s), 1390 (s), 1361 (s), 1246 (s), 1201 (w), 1119 (w),
899 (w), 877 (m), 856 (w), 823 (s), 784 (s), 711 (m), 694 (m).
MS (El, m/e): 433/26.78%, 432/78.93% (M™), 277/77.30%, 244/
100.00%, 77/20.03%, 57/72.18%. Anal. Calcd for CssHss
(432.65): C, 91.61; H, 8.39. Found: C, 90.01; H, 8.33.
3-(Benzyltriphenylphosphonium bromide)-3"',5"'-bis-
(trifluoromethyl)-1,1:4',1":4",1""-quaterphenyl. 3-Methyl-
3", 5" -pis(trifluoromethyl)-1,1":4',1":4",1""-quaterphenyl (38.6
g, 50 mmol) was heated to reflux in CCl, (200 mL). Bromine
(2.6 mL, 50 mmol) dissolved in CCl, (20 mL) was added under
irradiation with a 500 W UV lamp within 1 h at in such a
rate that the refluxing solvent was nearly colorless. Reflux
was continued for 2 h. The reaction mixture was treated with
NaHSO; solution and MgSO4, and the solvent evaporated. The
residue was dissolved in CHCI; (200 mL), triphenylphosphine
(13.1 g, 50 mmol) was added, and the mixture was heated to
reflux for 18 h. The reaction was poured into diethyl ether
(1.5 L). The phosphonium salt was filtered off and washed
with diethyl ether (300 mL). Yield: 22 g (56% theoretical).
1H-NMR (300 MHz, CDCls): é/ppm = 5.49 (d, 2H, J = 14 Hz,
PCHp), 7.10—7.23 (m, 830H). 3C-NMR (75 MHz, CDCly):
olppm = 31.15, 117.37, 118.50, 126.64, 126.96, 127.33, 127.58,
127.71,127.92, 128.04, 129.29, 130.02, 130.18, 130.62, 132.17,
134.47, 134.60, 134.90, 137.01, 138.99, 139.16, 140.52, 141.04,
142.75. IR (KBr), v/cm~*: 3055 (s), 2854 (m), 1605 (s), 1482
(s), 1436 (s), 1380 (s), 1284 (s), 1179 (s), 997 (m), 894 (s), 825
(s), 800 (s), 746 (s), 686 (s), 615 (w), 547 (w). Anal. Calcd for
C4sH3:BrFgP (796.13): C, 67.83; H, 4.05. Found: C, 67.53; H,
3.96.
3-(Benyzltriphenylphosphonium bromide)-3"',5"-di-
tert-butyl-1,1:4',1":4" 1""-quaterphenyl. 3-Methyl-3"",5"'-
di-tert-butyl-1,1"; 4',1’; 4",1'"-quaterphenyl (21.6 g, 50 mmol)
were converted to the phosphonium salt using the procedure
given above. Yield: 18.8 g (44% theoretical). *H-NMR (300
MHz, CDCls): o/ppm = 1.34 (s, 18H, 2-C(CHs),), 5.46 (d, 2H,
J = 14 Hz, PCH,, P—'H coupling), 7.26—7.74 (m, 30H). 3C-
NMR (75 MHz, CDClg): 6/ppm = 31.56, 35.01, 117.42, 118.56,
121.59, 127.22,127.33, 127.88, 130.10, 130.26, 134.47, 134.60,
134.98, 138.64, 139.04, 139.98, 140.11, 151.23. Anal. Calcd
for CsiHsoBrP (772.28): C, 79.25; H, 6.52; Br, 10.22; P, 4.01.
Found: C, 78.12; H, 6.38, Br, —P, —.
3-Vinyl-3",5"-bis(trifluoromethyl)-1,1":4',1":4",1""-quater-
phenyl (Ib). The phosphonium salt (23.9 g, 30 mmol) was
suspended in a 37% solution of formaldehyde (171 mL). NaOH
(12 N) (25.8 mL) was added over 1 h; the white suspension
was stirred for an additional 4 h, and extracted 5 times with

toluene (50 mL each). The organic phase was dried using
MgSO., followed by flash chromatography with acidic Al,O3
(100 g). The product was obtained as a white, crystalline
material after removing the solvent and recrystallization from
methanol. Yield: 11.36 g (80% theoretical). Mp: 135.5 °C.
UV (THF, 25 °C, Amax): 303 nm (e = 43998 L mol~! cm™).
IH-NMR (300 MHz, CDCls): é/ppm = 5.34 (dd, 1H), 5.85 (dd,
1H), 6.84 (dd, 1H), 7.26—8.08 (m, 15H). 3C-NMR (75 MHz,
CDCl3): o/ppm = 114.41, 121.02, 121.67, 125.16, 125.37,
126.64, 127.13,127.53, 127.75, 127.77, 127.91, 129.13, 132.30,
136.86, 137.17, 138.27, 139.12, 140.68, 140,94, 141.36, 142.91.
IR (KBr), v/em™%: 2960 (m), 1598 (W), 1465 (w), 1283 (s), 1276
(s), 1203 (s), 1181 (s), 1128 (s), 1063 (m). 993 (w), 929 (w), 898
(m), 825 (s), 800 (s), 703 (m), 682 (m). MS (EI, m/e): 468/100%
(M), 234/16.51%. Anal. Calcd for CygHisFs (468.44): C, 71.79;
H, 3.87; F, 24.33. Found: C, 72.27; H, 4.37; F, —.
3-Vinyl-3'",5""-di-tert-butyl-1,1":4',1":4" ,1'"""-quater-
phenyl (1a). The phosphonium salt (23.2 g, 30 mmol) was
reacted as given above. Yield: 9.86 g (74% theoretical). Mp:
154 °C. UV (THF, 25 °C, Amax): 300 nm (e = 44 256 L mol !
cm™1). H-NMR (300 MHz, CDClz) d/ppm = 1.39 (s, 18H,
2-C(CHs)3), 5.30 (dd, 1H), 5.83 (dd, 1H), 6.80 (dd, 1H), 7.17—
7.71 (m, 15H). ¥C-NMR (75 MHz, CDCl3): dé/ppm = 31.47,
34.92,114.17, 121.46, 121.53, 124.99, 125.06, 126.48, 127.19,
127.30, 127.49, 127.79, 128.92, 136.75, 138.04, 139.19, 139.79,
139.91, 140.08, 140.97, 141.50, 151.12. IR(KBTr), v/cm~1: 2960
(m), 1595 (m), 1478 (w), 1389 (w), 1361 (m), 1246 (m), 989 (w).
900 (w), 878 (w), 824 (s), 795 (s), 711 (m), 554 (w). MS (El,
m/e): 444/100% (M™), 429/26.16%, 57/59.17%. Anal. Calcd for
Cs4H36 (444.66): C, 91.84; H, 8.16. Found: C, 91.72; H, 7.83.

Radical Copolymerization with Styrene. The vinyl-
oligophenylene, stryrene, AIBN, and toluene were poured
under nitrogen in a Schlenk tube and repeatedly degassed in
a freeze/thaw cycle. The polymerization was carried out at
60 °C for 1 day. The polymer was precipitated with methanol
(500 mL). Precipitation was twice repeated with toluene/
methanol. Amounts and yields are given in Table 1.

IH-NMR (300 MHz, CDCl3): d/ppm = 1.38 (m, —CH,—
methylene protons), 1.80 (m, —CH— methine protons), 6.52
(m, polystyrene protons), 7.07 (m, polystyrene protons), 7.65—
8.02 (m, polyquaterphenyl protons). IR (KBr), v/icm™: 3059
(w), 3026 (m), 2921 (m), 2849 (w), 1941 (w), 1870 (w), 1802
(w), 1601 (m), 1493 (m), 1382 (m), 1278 (s), 1261 (m), 1182
(m), 1136 (s), 1062 (w), 1028 (w), 823 (w), 795 (w), 757 (w),
698 (s), 682 (w), 540 (w).

2.2. Device Characterization. Three types of bilayer
LEDs were investigated: (i) A combination of a 20% blend of
tristilbeneamine (TSA) with polysulfone (PSu) and CF;-PQP
using either calcium, magnesium, or aluminum as cathode
materials, (ii) a 20% TSA—PSu blend in contact with tert-butyl-
PQP using Ca or Mg as cathodes, and (iii) a 20% blend of EH-
PPV with polycarbonate (PC) in combination with either CFs-
PQP or tert-butyl-PQP (formulas in Chart 1). The hole-
transporting layers were spin cast on the top of ITO (Balzers)
from a chloroform solution while PQP was spin cast from
cyclohexane, which is a nonsolvent for the bottom layer. Both
layers were typically between 85 and 100 nm thick. The active
area was 0.12 cm?. Electron injection into CF3-PQP and tert-
butyl-PQP was studied with single-layer diodes carrying Ca
electrodes.

Current—voltage characteristics were measured by employ-
ing a Keithley source measure unit. To record transient
electroluminescence (EL), the device was addressed by single
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Chart 1. Structure Formulas on the Hole- (TSA,
EH-PPV) and Electron-Transporting (R-PQP)
Materials

@@M

EH-PPV

R= CF; CE, -PQP, m/n= 25

R

R= t-butyl t-butyl-PQP, m/n= 6

rectangular voltage pulses of variable duration and variable
time period between successive pulses. The EL signal was
detected with a photomultiplier. An integrated sphere was
employed for measuring the quantum efficiencies.

3. Results

3.1. Monomer and Polymer Synthesis. The syn-
thesis of poly[(2,5-bis((2-ethylhexyl)oxy)phenylene)-
vinylene] has been described in ref 19.

Monomer 1 (3-vinyl-3"",5""-bis(trifluoromethyl)-1,1":
4',1":4" 1" -quaterphenyl) was synthesized according to
Scheme 1.

The radical copolymerization of Ib with styrene shows
nearly statistical incorporation of both monomers
(Scheme 2, Table 1). The polymerization rate of Ib is
smaller than that of styrene. The copolymers are
amorphous and soluble in toluene, chloroform, THF,
cyclohexane, and methylcyclohexane. The amorphous
character of the polymer is obvious from DSC and X-ray
measurements.

Ty increases with higher amounts of Ib.

Amax Of the UV absorption of copolymers with la as
well as with Ib is 300 nm, whereas the fluorescence
differs: 369 nm with Ib and 389 nm with la.

3.2. Electroluminescence. j(E) characteristics for
single-layer diodes of CF3-PQP and tert-butyl-PQP
sandwiched between ITO and Ca electrodes are shown
in Figure 1. It is obvious that the replacement of the
tert-butyl groups by the strongly electron-withdrawing
CF3 groups leads to a significant enhancement of the
current. With bilayer LEDs of the type ITO/TSA:PSu/
CF3-PQP/cathode the cell current under forward bias
increases with decreasing workfunction of the cathode
(Figure 2). If one compares the j(E) characteristics
obtained with a Ca cathode with either the hole current
injected from ITO into a single-layer TSA:PSu diode or
the electron current injected from Ca into CF3-PQP, one
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Scheme 1. Synthesis of Quaterphenyl Ib

CH; , . CH;
n-BuLi, THF, -60 °C .1 Br
B(OCHj);, H*

Br B(OH),
Pd(0)
base
H;C
D OaWe
n-BuLi, THF
B(OCHg)3, H*
H,C

D WaWals

Br

Pd(0)
base

F;C CF;

HyC,

F3
CF,
1) hv, Bry, CCly

2) P(CgHs)s, CHCl3
3) H,CO, NaOH

realizes that the combination of both transport materi-
als in a bilayer LED depresses the current by several
orders of magnitude depending on the applied electric
field. For an ITO/TSA:PSu/tert-butyl-PQP/AIl device, a
similar reduction of the cell current as compared to the
hole injection current into a single-layer TSA:PSu diode
is noticed (Figure 3). With an ITO/EH-PPV:PC/tert-
butyl-PQP/AIl device the current depression is less
pronounced.

When an ITO/TSA:PSu/CF;-PQP/Ca device is ad-
dressed by rectangular voltage pulses of 500 ms dura-
tion, the electroluminescence rises abruptly after an
unusually long delay time ty and reaches saturation
thereafter almost instantaneously (Figure 4). tq de-
creases rapidly with decreasing waiting time t,, (Figure
5) and with increasing electric field (Figure 6). The
bilayer LEDs ITO/TSA:PSul/tert-butyl-PQP/Mg and ITO/
EH-PPV:PC/CF3;—PQP/Al show principally the same
pattern of observations (Figures 7 and 8). In contrast,
an ITO/EH-PPV:PC/tert-butyl-PQP/Al device behaves
conventionally as far as the transient EL is concerned.
In that case, the onset of EL correlates with the RC time
(=20 us) constant of the circuit and saturation is
attained after about 1 ms (Figure 9).

The EL spectrum is in all cases identical with the EL
spectrum of a single-layer LED containing the hole-
transporting component only. This indicates that all
emissive recombination events take place inside the
TSA:PSu and EH-PPV layers, respectively. The exter-
nal quantum efficiency of the TSA:PSu/CF3-PQP device
is about 1%, more or less independent of the cathode
material used.
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Scheme 2. Copolymerization of Styrene with Quaterphenyl Ib to CFs-PQP

AIBN
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Figure 1. j(E) characteristics of the electron-transporting
polymers CF3-PQP and tert-butyl-PQP sandwiched between
ITO and Ca electrodes.
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Figure 2. j(E) characteristics of ITO/TSA:PSu/CF;-PQP
devices with various cathode materials (filled symbols). Data
for the related single-layer devices are included for comparison
(open symbols).

4. Discussion

The information needed to understand the pattern of
experimental observations is the energy level diagram
of the bilayer assemblies. The diagrams shown in
Figure 10 derive from the results of cyclic voltammetry
(Table 2). This is the usual method of choice for
measuring oxidation and reduction potentials. How-
ever, caution is in order as far as absolute values of the
potentials are concerned. Cyclic voltammetry is notori-
ously sensitive to the experimental conditions, such as
the choice of electrodes and solvents, and notably, to
purity. A major problem arises when data derived from
experiments in liquid solution are applied to solid state
systems. In a polar solvent ions are stabilized by

— T
10" F
10'2 E O TSA:PSu
10°f ® TSA2
10° EH-PPV:PC
WE . 4 EH-PPV2
5 10°F
; 10° | o
c , o N
g 10 - A
3 10°k
9
10° | R
10"k A A [
10" E = L
10° 10°

electric field/ Vem™

Figure 3. Comparision of the j(E) characteristics of TSA:PSu/
tert-butyl-PQP and EH-PPV:PC/tert-butyl-PQP devices (filled
symbols) with those of TSA:PSu and EH-PPV:PC single-layer
devices. In all cases Al was used as a cathode.

T T T T T T T— T T T T T T T

tw i
W

1 n 1 1 -t I 1 1 1 n 1
-40 0 40 80 120 160 200 240
time/ ms

Figure 4. Transient electroluminescence of a TSA:PSu/CFs-
PQP/Ca device shown as a function of the time period (tu)
between successive voltage pulses with a constant amplitude
of 22 V. Numbers indicate the time period in minutes.

solvation effects due to the rearrangement of solvent
dipoles in addition to some dielectric stabilization due
to van der Waals interaction. In a molecular solid below
the glass transition temperature where the molecules
are locked in fixed positions, charge carriers can only
be stabilized by van der Waals interaction between the
charge and both induced and permanent dipole mo-
ments of the environment. As a result, the stabilization
energy is less than that in polar liquids and depends
on the electronic polarization energy of the molecules
comprising the solid. Therefore cyclic voltammetry
underestimates the absolute values of oxidation and
reduction potentials in the solid phase. What is reliably
predicted are relative changes in a homologous series
in which the electronic polarizability is virtually con-
stant. Another problem arises when either Eqx or Eyeq
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Figure 5. Dependence of the delay time tq on the time period
tw of successive voltage pulses for a TSA:PSu/CF;-PQP/Ca
device as shown in Figure 4.
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Figure 6. Field dependence of the delay time tq of a TSA:
PSu/tert-butyl-PQP/Mg system.
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Figure 7. Transient electroluminescence of a TSA:PSu/tert-
butyl-PQP/Mg device parametric in the amplitude of the
voltage pulse.

is outside the accessible instrumental regime. In that
case one often estimates the missing potential on the
premise that Eox — Ereq be equal to the optical S; — Sg
0—0gap. This procedure ignores the Coulombic binding
energy it costs to dissociate a singlet exciton into free
charge carriers, i.e., a pair of Coulombically unbound
radical cations and anions. Recent experiments indicate
that it should be ~0.4 eV202! although values up to 0.9
eV have been reported for PPV.22 The situation becomes
even more complicated at the internal surface between
the electron- and hole-transporting layers in LEDs
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Figure 8. Transient electroluminescence of a EH-PPV:PC/
CF3-PQP/Al device as a function of the amplitude of the voltage
pulse.
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Figure 9. Transient electroluminescence of an EH-PPV:PC/
tert-butyl-PQP/AI device upon applying a rectangular voltage
pulse of 500 ms width and 30 V amplitude.
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Figure 10. Energy level diagramm of the used materials.
Data have been inferred from cyclic voltammetry (see Table
2). For TSA and CF3-PQP only the oxidation potential and the
reduction potential were measured, respectively. The lacking
levels (dotted lines) were estimated on the basis of the optical

gap.

carrying polar groups whose orientation at the interface
is unknown.

The message that can be extracted from the energy
level diagram of Figure 10 after considering the above
cautionary remarks is that (i) the LUMO of CF3;-PQP
should be between 0 and 0.3 eV above the Fermi level
of a (clean) Ca electrode, (ii) the LUMO of tert-butyl-
PQP should roughly be 0.5 eV above that of CF3;-PQP,
(iii) there should be a large barrier (~0.8 £ 0.2 eV) for
electron transfer from CF3-PQP to TSA and a barrier
of roughly half that magnitude for electron transfer from
CF3-PQP to EH-PPV, while the LUMO—-LUMO gap at
a tert-butyl-PQP interface should be close to zero, and
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Table 2. Electrochemical Reduction and Oxidation
Potentials (E12) Determined by Cyclic Voltammetry
Using FOC as Reference?

material Eox/V Ered/V
TSA 0.32
EH-PPV 0.3 —-2.31
tert-butyl-PQG —2.81
CF3-PQP —-2.15

a Oxidation potentials were measured in methylene chloride
solution containing 0.1 M tetrabutylammonium hexaflurophos-
phate (TBAHFP) as a supporting electrolyte, the scan rate being
250 mV/s. Reduction potentials were measured in THF with
TBAHFP as an electrolyte. The working electrode was a gold wire.
The quasireference was an Ag wire (Ei(FOC) = 0.463 V).
Conversion into an absolute energy, required for determining
HOMO and LUMO positions, was done according to Bard and
Faulkner (Bard, A. J.; Faulkner, L. R. Electrochemical Methods-
Fundamentals and Applications; Wiley: New York, 1980; p 634)
by adopting the value —4.6 eV for the standard electrode potential
of the normal hydrogen electrode and the value 0.2 V for the
potential of FOC vs NHE (in acetonitrile, see: Koepp, H.-M.;
Wendt, H.; Strehlow, H. Z. Electrochem. 1960, 64, 483).

(iv) there should be an energy barrier in excess of 1 eV
for hole transport from TSA to CF3;-PQP.

Current vs field characteristics measured with single-
layer PQP diodes are in accordance with those esti-
mates. The j(E) curve for the ITO/CF3-PQP/Ca diode
follows a j O E? relation quite closely. This is a
characteristic feature of unipolar space charge limited
conduction obeying Child’s law.2324

. 9 E?
JscL = g ot 1)

where ¢ is the dielectric constant, ¢ is the permittivity
of free space, u is the average carrier mobility, and d is
the sample thickness. It requires that one contact acts
as an inexhaustible reservoir of one sort of charge
carrier. Applying eq 1 to the data of Figure 1 yields an
electron mobility u—- = 8 x 107° cm?(V s). Con-
sidering that only the substituents, i.e., only 13% (by
weight) of CF3-PQP, act as hopping sites for electrons
and that, by and large, the mobility decreases exponen-
tially with intersite concentration, this appears to be a
realistic number, the more so because the twisted
ground state conformation of the quaterphenyl unit
implies some structural reorganization after charge
attachment.

In view of the finite energy barrier for electron
injection from Ca into tert-butyl-PQP the condition of
having an ohmic contact is no longer fulfilled and the
current is limited by injection rather than by the space
charge of the transported charge carriers. This is borne
out by the j(E) curve. If one plotted In(j/E2) vs E71,
appropriate for testing Fowler—Nordheim tunneling
injection, one obtained a curve that approaches a
straight line at high fields extending over 2 decades and
yielding an injection barrier of 0.7 eV.

The energy level diagram also indicates that in a TSA:
PSu/CF3-PQP LED the passage of electrons should be
impeded by an internal energy barrier y. = 0.8 eV while
the related barrier for hole transport is estimated as yn
= 1.5 eV. The corresponding values for TSA:PSu/tert-
butyl-PQP are y. = 0.1 eV and y, = 0.8 eV, while those
for EH-PPV/CF3-PQP are y. = 0.3 eV and y, = 0.8 eV.
The j(E) characteristics are a reflection of the transport
of majority carriers being impeded by a large energy
barrier. Consider the TSA:PSu/CF;-PQP case first, for
which the injection currents into the respective single-
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layer devices are known (see Figure 2). The current is
orders of magnitude smaller than either of the unipolar
injection currents expected if the electric field, calcu-
lated for the applied voltage and the sample thickness,
acted on the injecting contacts. The reason is that the
formation of a charged double layer generated by the
accumulating positive and negative space charge at the
anodic and the cathodic side of the interface screens the
electric field at the contacts. Under steady state condi-
tions the current had to decay to zero unless recombina-
tion and some carrier leakage occurred at the interface.
The rate-limiting step will, therefore, be recombination
at the interface. It neutralizes some of the space charge
and ensures that a finite, albeit smaller, electric field
maintains at the anode. Reducing electron injection by
using Mg or Al as cathode materials will cut down the
number of holes that can be neutralized per unit time
at the interface via recombination with electrons and,
concomitantly, hole injection to replenish the internal
space charge.

The unusually steep and delayed onset of EL can be
understood as a direct reflection of the high interfacial
energy barrier that prevents thermal barrier crossing.
Note that the onset of EL in single-layer LEDs or bilayer
LEDs with small energy barriers for minority carriers,
realized, for instance, in an ITO/EH-PPV:PC/tert-butyl-
PQP/Al LED (Figure 9), occurs quite smoothly and
reflects charge transport into the recombination zone.24-26
The magnitude of the delay time and the concomitant
rapid increase of EL for t > t4, borne out by Figure 4,
cannot be identified with a time of flight signal since in
random media the latter should feature a broad tail
whose decay time is of order of the transit time itself
provided that transport occurs under equilibrium condi-
tions. Otherwise, the tail is even more extended, if
discernible at all.?” The alternative explanation is in
terms of interfacial charging up to a value that allows
electrons to tunnel into the hole-transporting layer
where recombination occurs. In principle, this process
is contained in the analytic treatment of bilayer LEDs
by Khramtchenkov et al.?82° Although analytically
exact, it does not, unfortunately, allow for a straight-
forward evaluation of the dependences of the EL inten-
sity. For this reason a simple model shall be advanced
instead, appropriate under the condition that interfacial
barrier crossing rather than injection from the elec-
trodes is the rate-limiting step.

Consider the TSA:PSu/ CF3-PQP case depicted sche-
matically in Figure 10. The ohmic nature of the Ca
cathode will ensure that electrons accumulate at the
internal interface and build up an interfacial charge
density. Ignoring Coulombic effects as well as disorder-
mediated level broadening, they face a triangular energy
barrier that cannot be overcome thermally. However,
upon arrival of holes that were injected from the ITO
anode under the assistance of the electric field, a
positive charge will accumulate at the opposite side of
the interface. As a consequence, the barrier narrows
and eventually tunneling commences. In view of the
lower barrier for electrons, it will be the latter that
penetrate the barrier and neutralize holes thus, gener-
ating an emissive exciton in the hole-transporting layer.
If N4,— denotes the area densities of interfacial positive
and negative charges,

. . J+
N,=N =€—N+k (2)

where ji/e is the number of holes arriving at the
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Figure 11. Calculated time dependence of the El intensity
of a model system based on eq. 7 with parameters v, = 10%3
s xe=1eV,and j =105 Acm=

interface per unit area and time and Nk is the loss
term, due to electron tunneling. The simplest assump-
tion for Kk is

K = v, exp[— E 3)

where vg is a prefactor and the second term has the form
of a Fowler—Nordheim-type tunneling probability,

. aemy ., .
- 3he Xe ( )

If one makes the usual assumption? that the effectvive
mass is set equal to the free electron mass, b =7.1 x
107y¢%2 (V/cm) if the barrier height y. is given in electron
volts. The electric field E can be expressed via the
interfacial charge densities,

E = (N + N,)/eg (5)

where Ny is the negative charge density at the beginning
of the field-driven supply of minority carriers. The EL
intensity will be proportional to N.k. In the early time
domain N.(t) + f5(j+/e) dt, which reduces to

N_(t) = (j./e)t (6)

under the simplifying assumption of time independent
hole injection. Combining eqs 2—6 yields

eeobxeSIZ
N+ e

I, ON_k=(/e)vtexp

aslongast < teg, Where teq is the time after which steady
state conditions have been established. For t > teq, the
condition N+ = 0 yields

(8)

Eeobxeslz
VOteq exp =

NO + (j+/e)teq

Onset of EL will be governed by the exponential term
ineq 7. As far as the shape of the rising edge of EL is
concerned, the magnitude of Ny is unimportant. There
is a critical space charge density above which efficient
tunneling commences and the term (ji/e)teq in the
denominator of the exponent in eq 7 indicates the
amount of charge that has to be supplied via minority
carrier injection. In Figure 11 the time dependence of
EL calculated on the premise of the parameter choice
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vo=1018s71 yo.=1¢eV, and j = 1075 A/lcm? is shown. It
is obvious that the observed steep increase of EL after
a delay time of order 100 ms is recovered. The appear-
ance of t in the exponent precludes a straightforward
integration of eq 2. Bearing in mind, however, that for
t ~ teq the interfacial charge density changes very little,
turn-over to steady behavior is close to that of a
unimolecular reaction with time independent rate con-
stant Nyk. The time profile in Figure 11 has been
drawn on this premise, implying that ty and teq are
virtually identical.

The agreement between the shapes of the experimen-
tal and calculated EL(t) profiles in the case of bilayer
LEDs with large internal electron barriers (the broad-
ening of the temporal profile in the TSA:PSu/tert-butyl-
PQP system in which the electron barrier is significantly
smaller and in conjuntion the absence of the effect in
the EH-PPV:PC/tert-butyl-PQP system in which y. is
close to zero) indicates that, despite its simplicity, the
model advanced above grasps the essential physics of
the transient EL behavior of the bilayer systems stud-
ied. It accounts for the unusually sharp onset of EL,
reminescent of the evolution of electrical breakdown,
and for the field dependence of the delay time. Since
the latter is determined by charge accumulation, it must
be related to the amount of charge flowing during 0 <
t < tg. The field dependence of t4 should therefore be
determined by the condition ty(E)j+(E) = const. In
experiment, ty decreases somewhat faster than expected
on the basis of the measured current. However, since
the measured current is a superposition of several
current contributions, this is all but surprising. It is
worth noting that for the parameter set used to obtain
Figure 11 the critical electric field acting at the interface
where tunneling commences is 3 x 108 V/cm.

Of particular interest is the decrease of ty with
decreasing time period (ty) between successive voltage
pulses. Since the delay time is governed by the condi-
tion No + (j+/e)tqy = const, a decrease of tq is a signature
of a higher remnant charge density. Measurement of
tq as a function of T provides, therefore, insight into the
depletion of the interfacial double layer after switching
of the external voltage. In conventional bilayer systems
in which the internal energy barrier for electrons is
small enough to be overcome thermally, the decay of
the interfacial charge is an ordinary first-order rate
process, completed within a time scale of typically 10
us to 10 ms. If barrier crossing is a tunneling process,
decay of the interfacial charge at the end of the voltage
pulse slows down dramatically if the charge density falls
below the critical limit. In that case the bilayer can
persist for minutes. The ultimate depletion is likely to
be governed by inefficient direct transition between the
radical cation in the hole-transporting zone and the
radical anion in the electron-transporting zone. To
derive more quantitative information concerning inter-
facial charge depletion would require a systematic study
of the dependence of ty on ty,.

Equation 7 predicts that the transient EL behavior
is sensitive to the magnitude of y.. However, the
structure of eq 7 implies that this dependence is a very
weak one. In systems with smaller y. additional
interfacial charge accumulation, governed by the prod-
uct j+tg, will be completed at shorter time. In practice,
this effect is likely to be masked by the inevitable
variation in the current density upon changing the
materials and, concomitantly, the injection barriers.
This explains why the bilayer systems ITO/TSA:PSu/
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tert-butyl-PQP/Mg and ITO/EH-PPV:PC/CF3-PQP/AI
behave similarly to the ITO/TSA:PSu/CF3;-PQP/Ca sys-
tem. A qualitative change of the device behavior is not
expected until y. falls below the critical value at which
thermal barrier crossing becomes competitive with
barrier crossing by tunneling, as realized in the EH-
PPV:PC/tert-butyl-PQP case. Neither does it matter
which sort of carrier is the majority/minority carrier as
long as it is guaranteed that both are blocked at the
internal interface.

5. Concluding Remarks

One of the essential results of this study is the
verification that substituted quarterphenyl attached to
an aliphatic polymeric chain can profitably be used as
electron-transporting material in bilayer LEDs. Its
advantages include its resistence against crystallization
and the magnitude of reduction and oxidation poten-
tials. A low-lying LUMO guarantees improved electron
injection properties, while the low-lying HOMO ensures
efficient hole-blocking properties even if combined with
hole-transporting materials that are not optimized as
far their oxidation potential is concerned.

In the present paper the physical aspects of the
operation of bilayer LEDs prepared with PQP as the
electron transport layer have been emphasized. It has
been demonstrated that in combination with conven-
tional hole-transporting materials the current flow
through the device is controlled by internal barrier
crossing and, concomitantly, carrier recombination rather
than by carrier leakage toward the electrodes. By this
token one crucial condition for efficient device operation
is met. Another result of the present study is the
successful demonstration of sort of a switching behavior
concerning transient EL behavior upon addressing the
device by voltage pulses. It is the consequence of
tunneling processes being the rate-limiting step and can
establish the basis for designing LEDs with short
switching times.
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